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 Abstract—This paper presents a dual-band wearable belt antenna 
design offering stable performance for both on and off body scenarios. The 
proposed antenna is composed of a metal buckle and a lossy leather 
substrate. A layer of conductive fiber is attached to the leather to provide 
isolation between the human body and the radiating element. A novel 
snap-on button structure is used as the antenna feed. The antenna can 
achieve an on body realized gain of 5.10 dBi at 2.45 GHz, 4.05 dBi at 
5.2 GHz and 3.31 dBi at 5.8 GHz. A specific absorption rate of 0.87 W/kg is 
achieved. The on/off body radiation efficiency of the antenna is measured 
in a reverberation chamber. The antenna can operate in both on and off-
body communication as the frequency shift induced by the human body 
tissue is not significant. The proposed belt antenna is a low-cost and 
reliable solution for smart on-body applications.  
Index Terms—Belt antenna, dual-band antenna, on/off body radiation 
pattern, wearable antenna. 
I. INTRODUCTION 
The increasing popularity of wearable electronic devices has 
brought more attention to wearable antenna designs. Wearable 
antenna designs should address the following three challenges during 
the design process, frequency shifting and radiation distortion due to 
the proximity of the body tissues, Specific Absorption Rate (SAR) 
limitations and the ergonomics and robustness of the design. To 
contend with these challenges, previous studies have tried to exploit 
existing metal parts of personal accessories worn daily as the 
radiating element of the antenna. Examples of such designs include 
button antennas [1]-[4], watch strap antennas [5], watch frame 
antennas [6], zipper antennas [7], shoelace antennas and belt buckle 
antennas [8]-[10]. Each of these has restrictions in terms of their 
shape and size in order to maintain their function as wearable 
accessories. 
The belt buckle is an ideal platform for wearable antenna designs 
due to its metallic nature and relatively large size. Previous studies 
[9]-[10] have used single tongue buckles (as shown in Fig. 1. (a) and 
(b)) as the main radiation element of the antenna proving the 
feasibility of the idea. However, the loop structure of these buckles 
would result in a radiation pattern similar to a one wavelength loop 
antenna, which is omnidirectional in the vertical plane. This 
radiation pattern would mean that a large portion of the radiation is 
directed towards the human body from the belt antenna, leading to 
low radiation efficiency and hence low realized gain. Tissue 
absorption would also raise concerns about SAR. 
In this paper, a dual-band belt antenna based on a pin buckle, as 
shown in Fig. 1. (c) and (d), is proposed. For this type of belt, there 
is a pin on the back of the buckle, which hooks through one of the 
notches in the belt leather to hold the belt in position. In the proposed 
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design, the buckle and the pin function as the radiating element. In 
addition, a layer of conductive fiber is attached to the leather to 
provide isolation to the human body. A snap-on button structure is 
used as the feed point as well as to hold the pin stable during use. 
Despite being quite lossy (a loss tangent of 0.08), leather is chosen to 
be the main material for the belt due to its popularity in the market. 
The proposed antenna operates over bands around 2.4 GHz and 
5 GHz. It has stable performance in both on-body and off-body 
situations. Without using any specific low loss materials for radio 
frequency applications, the designed antenna achieves desirable 
levels of on body radiation efficiency and realized gain. 
 
Fig. 1. Types of belt buckle and corresponding antenna design. (a) Single 
tongue buckle [11]. (b) Single tongue antenna design as in [9] and [10]. (c) 
Pin buckle [11]. (d) Pin buckle antenna design proposed in this study. 
 
The remainder of this paper is organized as follows. In section II, 
the proposed antenna geometry and key parameters will be 
discussed. In section III, the effect of the human body on the antenna 
performance is analyzed using a variety of human voxel models. The 
fabricated antenna and measurement results are presented in section 
IV. Section V provides conclusions drawn from this study. 
II. ANTENNA TOPOLOGY 
A. Key parameters of the antenna design 
The key parameters of this antenna design are illustrated with Fig. 2, 
with specific parameter values listed in TABLE I. The metallic 
buckle and pin for this design are made of brass. The snap-on button 
used here is a commercial one made of stainless steel. The ground 
layer is a conductive fiber glued to the leather. The conductive fiber 
is produced by the YGM company located in Foshan, China. The 
relative dielectric constant of the leather was measured to be 2.9 and 
the loss tangent was measured to be 0.08. The measurements were 
performed using Keysight N1501A dielectric probe kit. 
 
Fig. 2. The structure of the proposed belt antenna and key parameters 
 
IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS  2 
TABLE I 
ANTENNA GEOMETRY PARAMETERS 
Symbol Quantity Value (mm) 
W1 width of the metal cap 25 
W2 width of the belt leather 30 
L1 length of the metal cap 42 
L2 length of the belt pin 7.7 
R1 radius of the belt pin 3 
R2 radius of the belt pin snap-on 3.5 
R3 radius of the snap-on button 6 
T1 thickness of the leather 3.6 
 
 
Fig. 3. The E-field distribution of the proposed belt buckle at 2.45 GHz. (a) 
The simulated E-field distribution. (b) A sketch of the operation mechanism: 
a TM10 mode. 
 
 
Fig. 4.  The E-field distribution of the proposed belt buckle at 5.5 GHz. (a) 
The simulated E-field distribution with the snap-on button structure enlarged. 
(b) A sketch of the operation mechanism: a quasi-TM30 mode. 
B  The design strategy and the working principle. 
At 2.45 GHz, the proposed belt antenna functions as an elevated 
patch antenna with a TM10 mode. The E-field distribution and a 
sketch of the TM10 mode are included in Fig. 3. The 2D field cross-
section was taken at the position of the feeding pin to illustrate the 
effect of the pin on the electrical field distribution. In Fig. 3. (a), a 
strong E-field distribution can be seen beneath the snap-on button, 
where the maximal SAR value was observed in the following voxel 
human body analysis. There are two reasons why the patch was 
designed to be elevated. The first is that the leather material selected 
in this design, which is widely used in belt manufacture, has a 
relatively large loss tangent. The slight elevation was found to 
reduce the loss and hence increase radiation efficiency. The second 
is that the presence of this small gap is common among pin buckle 
belts. In a number of belt designs studied during the research, the tip 
of the pin would hook to the leather and leave a gap between the 
metal cap and the leather. This is an ergonomic design and allows 
the buckle to accommodate belt leathers with slightly different 
thicknesses and curvatures. The locking mechanism of the snap-on 
button structure endured the size of the gap while the belt antenna is 
in use on the human body. In the 5 GHz band, the radiation follows a 
quasi-TM30 principle. The E-field distribution at 5.5 GHz is shown in 
Fig. 4 (a) along with a magnified structure of the connection between 
the snap-on button and the belt pin. The cavity between the tip of the 
pin and the button creates parallel capacitance which compensates 
for the inductance brought about by the long feeding pin. The size of 
the snap-on button was carefully selected for impedance matching. 
The E-field distribution near the feeding pin does not coincide with 
the conventional TM30 mode as a transverse electrical field is 
present. Nonetheless, the field distribution elsewhere, especially at 
the radiation edge, still coincides with that of a TM30 mode. 
The ground plane was made of conductive fiber adhered to the 
back of the leather. It provided enough isolation between the 
radiating elements and the human body to achieve a low SAR value. 
A small gap is left between the conductive ground and the bottom of 
the snap-on button to place the feed. 
III. THE EFFECT OF THE HUMAN BODY 
The belt antenna will function in close proximity to the human 
body and thus the effect of body tissues must be evaluated. The 
model Gustav (38-year-old male, 176 cm and 69 kg) from the CST 
voxel family was used to evaluate the effect of the human body on 
the antenna performance. Two common postures, standing straight 
and sitting down were customized with CST poser and used in the 
analysis. 
A. The effect of the standing/sitting human body. 
The effect of the human body on the belt antenna performance 
includes the following two aspects: frequency shifting due to the 
dielectric properties of the body tissue nearby and the 
reflection/absorption of the overall human body. The simulated and 
measured S parameters with the two human body postures are 
summarized in Fig 5. With the isolation provided by the textile 
ground layer, the frequency shift due to the human body tissue is not 
significant. The bandwidths for each posture with a -10 dB criterion 
are listed in TABLE II. In terms of the reflection coefficient, the 
proposed antenna can achieve both on-body and off-body 
communication. In the 5 GHz band, a higher level of absorption can 
be seen in the sitting case, in both simulation and measurement 
results. The main absorption in this case happens at the upper thigh. 
 
Fig. 5. Simulated and measured S11 (OB: on body). 
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B. The effect of body build and shape. 
Different body shapes present different material compositions. In 
terms of electromagnetics, this means that the dielectric properties 
close to the antenna are person dependent. Two additional CST 
voxel models have been used to analyse the performance of the 
antenna in this work as follows: Donna (40-year-old female, 176 cm, 
79 kg, standing) and Child (7-year-old female, 115 cm, 21.7 kg, 
standing). 
The results with different voxel models are summarized in 
TABLE II. The proposed belt antenna achieves relatively stable 
performance in terms of both bandwidth and radiation pattern across 
the family of human body models. 
Moreover, antenna performance under various bending conditions 
has been studied. As shown in Fig. 6, the antenna was bended 
towards cylinders with radius of 200 mm and 250 mm in simulation. 
Such level of bending is more severe than the antenna would 
experience on actual human body. A frequency shift can be seen as 
the result of the bending. For on-body measurements, the antenna 
was attached tightly to the human body to experience the actual level 
of bending. In both cases, the antenna performance can be 
considered stable and fit for the application. 
TABLE II 
SIMULATED ANTENNA PERFORMANCE WITH DIFFERENT VOXEL MODEL 
Model. BW(GHz)/% 
Realized Gain dBi at 
2.45/5.2/5.8 (GHz) 
Free space 
2.19-2.52/13.4% 
5.23-6.05/14.9% 
4.59/1.73/0.92 
Gustav stand 
2.26-2.58/13.0% 
5.14-6.1/17.4% 
5.31/4.21/3.52 
Gustav sit 
2.25-2.56/12.6% 
5.31-6.06/13.6% 
6.54/5.33/4.74 
Donna 
2.28-2.57/11.8% 
5.15-6.08/16.9% 
4.97/3.91/3.37 
Child 
2.27-2.60/13.4% 
5.22-6.06/15.2% 
4.81/3.99/3.28 
 
TABLE III 
COMPARISON OF ANTENNA PERFORMANCE WITH OTHER SYSTEMS 
Ref. BW(GHz)/% 
Realized Gain 
(dBi) 
SAR (10g) 
[3] 
(button) 
2.38-2.52/6% 
4.92-6.9/36% 
0.24 (2.45 GHz) 
4.73 (5.2 GHz) 
4.29 (5.8 GHz) 
0.18 (2.45 GHz) 
0.12 (5.2 GHz) 
0.13 (5.8 GHz) 
[6] 
(watch) 
2.33-2.60/11% -0.89 (2.45 GHz) N/A 
[7] 
(zipper) 
2.37-2.49/4.92% 5 (2.45 GHz) N/A 
[8] 
(shoelace) 
2.43(center)/11% 9.73 (2.45 GHz) N/A 
[9] 
(belt) 
2.45 (center)/22.8% 
5.25 (center)/9.4% 
2.8 (2.45 GHz) 
4.5 (5.25 GHz) 
N/A 
[10] 
(belt) 
0.7-1.2/55.56% 
1.69-2.63/38.37% 
-4.16 (0.9 GHz) 
-8.61 (1.8 GHz) 
-8.61 (2.45 GHz) 
1.90 (0.9 GHz) 
1.63 (1.8 GHz) 
1.00 (2.45 GHz) 
Proposed 
2.28-2.53/10.2% 
4.88-6.15/23.1% 
5.10 (2.45 GHz) 
4.05 (5.2 GHz) 
3.31 (5.8 GHz) 
0.87 (2.45 GHz) 
0.83 (5.2 GHz) 
0.13 (5.8 GHz) 
IV. THE RESULTS AND MEASUREMENTS 
The proposed belt antenna was fabricated and tested. For ease of 
production, the metal structure was 3D printed with brass. The 
resulting belt prototype is shown in Fig. 7 (a). The off-body radiation 
pattern of the belt antenna was measured in an anechoic chamber as 
shown in Fig. 7 (b). A holder with similar curvature of the human 
waist was 3D printed for the test. 
A. The bandwidth and the radiation pattern. 
The measured S11 is included in Fig. 5 for comparison. A 
frequency shift can be observed with human presence in both 
simulation and measurement. A discrepancy can be found for the 
sitting case between simulated and measured results. This is mainly 
due to the upper thigh of the human body which was located close to 
the main beam in the sitting case. In our on-body measurement, the 
test subject had trousers on and the biological composition of the test 
subject was different from the voxel data applied during simulation. 
A reduction in bandwidth in the 2.45 GHz band in the on-body cases 
can be seen in Fig. 5. This is likely due to the bending of the cable 
when placing the belt antenna close to the actual human body.  
The measured radiation patterns are shown in Fig 8 along with the 
simulated results with/without human voxel data. The simulated 
front-to-back ratio in free space is 8.275 dB at 2.45 GHz, 8.80 dB at 
 
Fig. 6. The simulated S11 of the belt antenna for 3 cases: free space, 
bending towards cylinders with radius of 200 mm and 250 mm. 
 
Fig. 7. (a) Belt antenna prototype (b) Anechoic chamber measurement 
(c) Reverberation chamber measurement. (d) On-body measurement in a 
reverberation chamber. 
 
 
IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS  4 
5.2 GHz and 4.99 dB at 5.8 GHz. The measured front-to-back ratio is 
9.128 dB at 2.45 GHz, 13.31 dB at 5.2 GHz and 7.09 dB at 5.8 GHz, 
respectively. Due to the presence of the antenna holder in the 
anechoic chamber, the measured values were higher than the 
simulated ones. Generally, the measured results match the simulation 
results well.  
B. The measurement of on body realized gain & radiation efficiency. 
The on-body realized gain was measured in our in-house anechoic 
chamber with a test subject (male, 188 cm and 82 kg). The antenna 
was attached to the waist of the test subject with the subject standing 
straight during the measurement. The measured results were 
summarized in TABLE III. A comparison with other state-of-the-art 
wearable solutions was also included in TABLE III. It should be 
noted that due to the lack of original performance data, the reference 
[10] listed was remodeled and re-simulated in the same simulation 
environment as this work and the data here was the simulation result. 
The on-body efficiency, which is an important parameter for 
wearable antenna applications, was also studied with the same 
human subject. An in-house reverberation chamber (length: 5.4 m, 
width: 3.0 m, height: 2.8 m), as shown in Fig. 7 (c), was used to 
enclose both the human subject and the proposed belt antenna. The 
chamber has one vertical and one horizontal stirrer. The lowest 
usable frequency (LUF) of the chamber is 300 MHz. For on-body 
measurement, the belt antenna was fixed at the waist of the test 
subject, as shown in Fig. 7 (d). The measurement of the on-body 
efficiency follows the method presented in [15]. The human subject 
would have a severe loading effect on the chamber. Thus, calibration 
with the human subject in the chamber is required prior to 
measurement. During each measurement, the dressing of the test 
subject was kept constant, including the contents in the subject’s 
pockets. The stirring sequence in this experiment included 
mechanical stirring (2 degrees, 180 measurements), polarization 
stirring (two orthogonal linear polarizations) and position stirring (4 
receiver positions). A total of 1440 measured sample points were 
taken for each frequency point. A large number of samples were 
required to keep the uncertainty of the measurement to an acceptable 
level. Meanwhile, the number of mechanical stirs in each run was 
limited so that the test subject did not have to stay in the chamber for 
a prolonged amount period of time. The receiving antenna in the 
chamber was spaced by a half-wavelength for each run to create 
independent samples. The resulting radiation efficiency is shown in 
Fig 9. In both frequency bands, an efficiency degradation of 
approximately 20% can be seen when the belt antenna is closely 
attached to the human subject.  
V. CONCLUSION 
In this study, a dual-band belt antenna based on the pin buckle belt 
was proposed. Without using any dedicated low-loss substrates for RF 
applications, the antenna was still able to achieve an on-body realized 
gain of 5.10 dBi and a radiation efficiency of approximately 40 % at 
2.45 GHz. A snap-on button and pin structure was used as the feeding 
structure. This structure provided a sufficient level of fixture for the 
antenna to have a stable on-body performance. A TM10 mode and a 
quasi-TM30 mode similar to a microstrip patch antenna were applied 
for the two resonance frequencies. Unlike a conventional loop-based 
belt buckle structure, this design limits the radiation towards the inside 
of the human body and ensures that the specific absorption rate in both 
bands was well within standard safety limits [13]-[14]. This design 
also ensured a relatively high level of on-body radiation efficiency, 
which was measured in a reverberation chamber. The belt antenna 
maintains stable performance for both on and off-body 
communication. It is a low-cost, highly-efficient and reliable solution 
for wearable body area network applications. 
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Fig. 8. Simulated and measured radiation patterns: (a) E-plane at 
2.45 GHz. (b) H-plane at 2.45 GHz. (c) E-plane at 5.2 GHz. (d) H-plane 
at 5.2 GHz. (e) E-plane at 5.8 GHz. (f) H-plane at 5.8 GHz. 
 
Fig. 9. Simulated and measured radiation efficiency 
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